T ransplant arteriosclerosis (TA) is the main limitation for long-term functioning of solid organ allografts. 1 In TA, allograft arteries characteristically develop severe diffuse intimal hyperplasia that ultimately allows luminal stenosis and cause ischemic graft failure. Characteristics of the lesions include endothelial cell (EC) damage, mononuclear cell infiltration, smooth muscle cell (SMC) proliferation, and matrix protein deposition in the intima of the vessel wall. 2 Neointimal formation begins only after EC loss followed by SMC recruitment at the sites of injury suggesting that endothelial injury or denudation is an important proximal step that initiate vasculopathy. 3 Recipient alloreactive T cells and antibodies, as well as infiltrating macrophages and NK cells, can all contribute to EC apoptosis and vascular injury. 4 Development of TA requires interferon (INF)-␥ and other proinflammatory cytokines such as tumor necrosis factor (TNF). 5, 6 However, the precise pathogenesis of transplant arteriosclerosis is not fully understood.
Notch signaling pathway regulates a broad array of cell fates and cellular processes during embryonic development and contributes to adult homeostasis. Notch proteins comprise a family of transmembrane receptors and ligands highly conserved through Evolution. In mammals, 4 Notch receptors (Notch1-4) and 5 Notch ligands (Dll1,-3,-4, Jag1-2) have been identified. The binding of ligands to Notch receptors results in a series of proteolytic cleavages of the receptor managed sequentially by ADAM proteins (a desintegrin and metalloproteinase) and the ␥-secretase complex. Generation of the cytoplasmic Notch C-terminal intracellular fragment (NICD) is followed by its translocation into the nucleus and forms a complex with the transcriptional repressor CBF1/ RBP-J. NICD binding to CBF1/RBP-J induces coactivators recruitment and allows the expression of various lineagespecific genes. 7 Evidence that the Notch pathway plays a critical role in vascular development and homeostasis includes the specific expression of Notch pathway ligands and receptors in vascular ECs and SMCs, as well as the phenotypes of knock-out mice for several Notch components. 8 Expression analyses revealed that the major components of the Notch pathway in the vascular system consist of 4 ligands (Dll1, Dll4, Jag1, and Jag2), 3 receptors (Notch-1, -3, and -4), and target family genes Hes and Hey. 9 Among Notch receptors, only Notch4 displays an expression pattern restricted to endothelium. 10 Combined deletion of Notch1 and Notch4 genes enhances the defects in vasculature remodeling observed in Notch1 single knock-out mice. 11 EC-specific expression of an activated form of Notch4 led to embryonic lethality with abnormal vessel structure and patterning. 12 Constitutive activation of Notch4 in ECs also causes defects in vascular remodeling. 13 In vitro experiments also demonstrate that Notch4 activation protects ECs from apoptosis, promotes endothelial-tomesenchymal transdifferentiation, and blocks both proliferation and angiogenesis. 14 -17 Although the importance of Notch in controlling EC proliferation, differentiation, and survival has been established, little is known about the role of Notch expressed in allografted vessels during the development of transplant arteriosclerosis. This study investigated expression of Notch receptors in a fully MHC mismatched combination of rat cardiac allografts that elicits TA and further examined regulation of Notch signaling by silencing Notch4 and Hes1 in cultured vascular ECs. Taken together, our findings indicate that impaired Notch4 activity elicits TA by triggering EC activation and apoptosis.
Methods
Detailed Methods are available online at http://atvb.ahajournals.org.
Cardiac Allografts
Rats heterotopic cardiac allografts were performed with fully mismatched LEW.1W (RT1u) or LEW.1A (RT1a) as donors and LEW.1A as recipients (Centre d'Elevage Janvier). Recipients underwent either a donor-specific blood transfusion (DST) 7 and 14 days before transplantation or a 20-day course of the deoxyspergualin analog LF015-095. At day 100 posttransplantation, clear-cut histological signs of TA were found in DST-treated animals whereas LF015-095-treated animals tolerated the graft without any signs of TA. Rat cellular subsets were isolated from Lewis Rats.
Cell Culture
Primary cultures of human arterial ECs (HAECs) and human umbilical vein ECs (HUVECs) were isolated and grown in ECBM with 10% fetal calf serum and supplement kit (Promocell).
Transfections, CBF1-Luciferase Reporter Assay, and siRNAs
The luciferase reporter plasmid that contains 4 copies of a binding site for CBF1 (CBF1-Luc) was transfected in HUVECs with lipofectamine reagent (Invitrogen). For the positive control, cells were also transfected with a plasmid encoding Notch2 NICD. SiRNA duplexes purchased from Ambion were transfected with RNAiMAX lipofectamine reagent (Invitrogen).
qRT-PCR, Western Blot, Immunohistochemistry Analysis, and Flow Cytometry
Please see the supplemental data section, available online at http:// atvb.ahajournals.org, for additional details.
Scratch Assay & Time Lapse
Confluent cell layers were scratched with a 20 L micropipette tip and subjected for time-lapse video microscopy for 24 hours in complete culture medium.
Cell Viability and Apoptosis Assays

MTT Assay
HAECs were incubated with MTT for 4 hours. After DMSO addition, OD for each condition was measured at 570 nm.
AnnexinV Staining
ECs were stained with activated protein APC-conjugated-annexinV (BD Biosciences). Fluorescence was measured using a FACScalibur (BD Biosciences) and analyzed using FlowJo® software (Tree Star Inc).
Statistics
Presented data are representative for at least 3 independent experiments. Results are meansϮSE. Statistical analysis was performed by the parametric analysis of variance test. PϽ0.05 was considered statistically significant.
Results
Downregulation of the Notch Pathway on Transplant Arteriosclerosis
Firstly, expression of Notch receptors was examined in cardiac allografts at D100 posttransplantation. In this experimental model, donor-specific blood transfusions (DST) before transplantation allows long-term survival (Ͼ100 days) associated with TA whereas graft tolerance (TOL) is induced by a short-term treatment with a deoxyspergualine analogue (LF15-0195). 18, 19 Among Notch receptors, Notch2, Notch3, and Notch4 transcripts levels were markedly downregulated in TA allografts compared to TOL (13.3-, 53.8-, and 2.9-fold decrease, respectively) and to syngeneic controls (A/A; Figure 1). No significant change in Notch1 was observed. TA also correlates with a significant increase in adhesion molecule VCAM-1 expression suggesting that TA is associated with both an altered Notch signaling and EC dysfunction. Importantly, Notch4 expression assessed by Western blotting was reduced in the TA compared to TOL and syngeneic controls ( Figure 1B ). Quantification revealed that Notch4 expression was reduced by 55% in TA compared with syngeneic transplants ( Figure 1C ). Among Notch receptors, only Notch4 was reported as an endothelial-restricted molecule. 10 We observed that Notch4 immunoreactivity was confined to the endothelial cell layer (mostly in arteries) in cardiac sections and overlap with PECAM-1 immunoreactivity. Immunohistological staining of Notch4 in allografts attested endothelial Notch4 decrease in arteries for both early and late arteriosclerotic lesions ( Figure  1D ). Moreover, analysis in rat cell subsets (EC, B-cells, T-cells, NK cells, macrophages, DCs: both resting and activated) confirmed that Notch4 was mostly expressed by EC (see supplemental Figure I ).
Notch4 Expression Is Decreased in Vascular ECs by Inflammatory Cytokines Implicated in the Pathogenesis of TA
Consequently, the role of the endothelial Notch4 signaling in arterial injury and remodeling was further investigated in cultured human vascular ECs. To develop a relevant in vitro model, we sought to characterize the pattern of inflammatory soluble mediators potentially implicated in the regulation of Notch pathway associated with TA. 20, 21 We showed that TNF, TGF-␤, and IL10 expression was markedly increased in allografts with TA at D100 posttransplantation (2.5-, 3.6-, and 34.0-fold as compared to syngeneic controls, respectively) (Figure 2 ). No significant change was observed at D100 in tolerant allografts (data not shown). Next, cultures of arterial ECs were treated with recombinant human TNF, TGF␤, IL10 for various period of time. Notch4 expression was then analyzed by Western blotting. As shown in Figure  2B , TNF, TGF␤, and IL10 induced a strong time-dependant decrease in Notch4 expression. Moreover, TGF␤ and IL10 displayed a major effect at 24 hours, whereas TNF has a maximal effect on Notch4 at 12 hours that is persistent up to 72 hours ( Figure 2C ). Western blotting analysis showed no significant change in Notch1 in endothelial cells stimulated with TNF for 2 to 24 hours ( Figure 2D ), suggesting that Notch1 expression does not compensate for the loss of Notch4 in response to TNF. Thus soluble mediators of inflammation implicated in TA directly affect Notch signaling pathway by decreasing endothelial Notch4 expression.
Endothelial Decrease in Notch4 Is Associated With Canonical Notch Activity Reduction
Canonical Notch activity allowing expression of Hes/Hey effector genes in a CBF1-dependent manner may be the resultant of the combined Notch activation pattern. 9 To test whether decrease in Notch4 expression by proinflammatory mediators of TA in ECs reflects a global decrease in Notch activity, ECs have been transfected with a luciferase reporter plasmid that contains 4 copies of a binding site for CBF1 (CBF1-Luc) and then treated with TNF. Figure 3A shows that TNF significantly decreases CBF1 promoter activity in ECs at 12 hours and provides a maximal inhibition at 24 hours (66Ϯ18% and 94Ϯ6% of decrease, respectively). ECs cotransfected with both CBF1/luciferase construct and a Notch2 NICD plasmid (N2IC/MSCV) 22 were used as a positive control. Our findings also indicates that resting ECs display a constitutive Notch activity. To validate this observation, ECs were treated with DAPT, a specific ␥-secretase inhibitor. 23 We found that DAPT display a dose-dependent decrease in CBF1/luciferase activity with a maximal inhibition achieved at 10 mol/L (80Ϯ11% of inhibition versus untreated ECs) ( Figure 3B ) confirming that inhibition of ␥-secretase efficiently abrogates Notch basal activity in resting ECs. Notch pathway activity can also be assessed by measuring Hes/Hey gene transcription. 9 To confirm our results obtained with the CBF1 reporter assay, we further analyzed transcript level for Hes1 gene in ECs treated with TNF. In Figure 3C , decrease in basal Notch4 expression in response to TNF was also associated with a progressive and strong decrease of Hes1 mRNA level. Our results also show that regulation of Notch4 expression and overall Notch activity in ECs by TNF were both dependent on NF B (see supplemental Figure II ).
Silencing of Notch4 Is Sufficient to Impair Notch Activity in ECs
Parallel regulations for Notch4 expression and Notch activity by TNF strongly suggest that Notch4 could be responsible for the global Notch activity in ECs. To address this point, ECs were transiently transfected with 2 sets of siRNA specifically targeting Notch4. Knock-down was achieved and attested by qRT-PCR (95.3Ϯ1.7% and 74.4Ϯ6.9% decrease in mRNA level for Notch4 siRNA#1 and #2, respectively, as compared to scramble siRNA) without any affecting other Notch receptors ( Figure 4A and supplemental Figure III) . To test whether Notch4 inhibition impacts the overall Notch activity, silenced ECs were either collected to measure Hes1 expression or CBF1 activity after transfection of the CBF1 reporter construct. As shown in Figure 4B , Notch4 silencing by both siRNA duplexes efficiently downregulates Hes1 expression (73.0Ϯ0.8% and 58.3Ϯ3.2% for si#1 and si#2, respectively, as compared to scramble siRNA). CBF1-reporter assay indicated that Notch activity was also severely impaired after Notch4 siRNA transfection (97.9Ϯ1.0% and 75.6Ϯ1.0% for si#1 and si#2, respectively, as compared to scramble siRNA), suggesting that in ECs Notch activity directly relies on Notch4 expression ( Figure 4C ).
Silencing of Notch4 and Hes1 Promotes EC Activation and Apoptosis
Silencing targeting Notch4 or Hes1 was performed to determine how decrease in Notch4 and Hes1 expression by inflammatory cytokines could elicit EC dysfunction. Firstly, the impact of siRNA-mediated knockdown of Notch4 and Hes1 on EC phenotype was examined by flow cytometry ( Figure 5A ). Our data show that in the absence of TNF, Notch4 and Hes1 knockdown significantly induce VCAM-1 expression in ECs (2.0-and 1.6-fold increase versus scramble, for Notch4 and Hes1, respectively). De novo expression of E-selectin was also observed (data not shown). In addition, while TNF efficiently induces VCAM-1 expression, concomitant silencing of either Notch4 or Hes1 further enhances VCAM-1 expression (3.5-and 2.8-fold increase, as compared to scramble siRNA). In addition a metabolic viability assay indicates that Notch4 and Hes1 silencing dramatically decreases cell viability (31.8Ϯ1.2% and 34.2Ϯ3.5% for Notch4 and Hes1 knockdown as compared to controls, respectively; Figure 5B ). Results were confirmed by DNA content analyses (data not shown). As shown in Figure 5C , inhibition of Notch4 and Hes1 expression strongly increases the frequency of AnnexinV-positive cells (6.8-and 6.0-fold increase, respectively) indicating that EC death results from apoptosis.
Silencing of Notch4 and Hes1 Inhibits Repair of Endothelial Injury
EC apoptosis triggers vascular remodeling that ultimately could leads to TA. 1, 4 Cell migration and proliferation are key processes controlling vascular remodeling. Thus we used a more integrative model to test whether Notch4 could play a role in endothelial monolayer repair after injury. To this aim, EC monolayers were wounded 24 hours after siRNA transfection, and wound healing was monitored by time-lapse imaging for 24 hours. Representative phase contrast micrographs illustrating repair of endothelial injuries are shown in Figure 5D . Wound area was calculated to allow wound closure quantification. Equal wound closure motility was observed for ECs transfected without siRNA (NT) or with scramble siRNA. In contrast, wound healing capacity of cells transfected by siRNA duplexes targeting either Notch4 or Hes1 was impaired by 22.5Ϯ2.1% and 27.0Ϯ1.3% compared to scramble control, respectively.
Discussion
The precise pathogenesis of graft arteriosclerosis is unknown. 1, 2, 4 Given the role of Notch signaling in vascular morphogenesis and remodeling, 8 we speculate that a better understanding of Notch functions in transplant vascular injury might lead to the development of new therapeutic or diagnostic strategies.
In the present study, we demonstrated that allograft accelerated-transplant arteriosclerosis associates with a specific pattern of expression for Notch receptors. Decrease in Notch2, -3, and -4 features TA at D100 after cardiac transplantation and correlates with an increased level of VCAM-1 expression, an adhesion molecule mainly expressed on activated vascular ECs. Moreover, TA also correlates with high levels of proinflammatory cytokines including TNF, TGF␤, and IL10 as previously reported. 5, 20 In contrast, no significant changes in Notch receptors were found in longterm surviving (ie, tolerant) allografts without TA as compared to syngeneic controls. The vascular endothelium expresses all 4 Notch receptors, but only Notch4 displays an almost exclusively endothelial expression pattern whereas Notch1-3 are expressed more broadly. 10 Therefore, we speculate that regulation of Notch4 in ECs may play a role in vascular lesions and remodeling that trigger TA. Decrease in Notch4 was consistently obtained in cultured ECs in response to TNF, TGF␤, and IL10, pointing out a functional relevance of Notch signaling in inflammatory processes. Notch activation also occurs in macrophages on inflammation and Notch components are present within macrophages in atherosclerotic plaques. 24 Differential Notch4 regulation has been reported according to vascular sites and development stages that might reflect specific signaling mediated by cytokines and growth factors. Vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF-2) modestly increase Notch1 and Notch4 mRNA in HUVECs. 14 Cerivastatin, an antiangiogenic factor, downregulates Notch4 mRNA in FGF-2-treated ECs. 25 TNF induces Notch4 mRNA in arthritic, but not normal, synovial fibroblasts; however, mechanisms underlying transcription of Notch4 remain largely unknown. 26 Whether partial loss of ECs and their associated Notch4 molecules in arteriosclerosis lesions could also account for the observed decreased Notch4 levels observed in TA, in addition to the downregulation of Figure 5 . Effect of Notch4 and Hes1 silencing on EC activation, apoptosis, and wound repair. A, VCAM-1 induction analyzed by Facs after activation with or without TNF. B, EC viability was quantified using an MTT assay. C, Cell Apoptosis study was managed by Facs after staining with AnnexinV. D, siRNA-transfected ECs were subjected to scratch assay. Wound closure was followed for 24 hours by time lapse imaging (*PϽ0.05 vs scramble control).
ECs Notch4 mRNA expression via exposure to inflammatory cytokines, could not be excluded. However, this hypothesis is not fully supported by immunochemistry showing sustained PECAM-1 immunoreactivity in TA ( Figure 1D ).
We have used 2 readouts to demonstrate a basal and significant activity of Notch pathway in quiescent ECs. The decreased activity of CBF1 reporter assay in response to a ␥-secretase inhibitor (DAPT) and the constitutive expression of effector target gene Hes1 both indicate that Notch pathway is basally activated in quiescent EC monolayers as also suggested by previous studies. 27 Importantly, our findings further demonstrate that TNF provides a time-dependent decrease in Notch activity reflected by both a reduced CBF1 reporter gene activity and a decrease in Hes1 level. Thus, an inhibition of Notch activity parallels the down regulation of Notch4 expression mediated by TNF in ECs.
A similar decrease in Hes1 transcription in response to TNF has been reported previously in fibroblast and epithelial cell lines. 28 Interestingly, NFB activation was shown to enhance constitutive Hes1 expression in early time points but did not alter late (Ͼ1 hour) TNF-dependant repression of Hes1 transcription. 28 Using chemical inhibitors PDTC and NAC, we established that concomitant suppression of Notch4 and Notch activity by TNF after 24 hours were both dependant on NFB pathway, suggesting that decrease in global Notch activity rely on Notch4 expression rather than a direct NFB-dependent mechanism.
While our data confirm a role for inflammatory cytokines in the regulation of Notch pathway, they also address the mechanism by which regulation of Notch signaling may affect EC functions. ECs are a common cellular target of all initiating events (allo-immune response, inflammation, and immunosuppressive drug cytotoxicity) implicated in TA development. Resultant chronic EC activation, apoptosis, and injury may play a pivotal role in vascular remodeling. 1, 4 The recruitment of inflammatory cells into allografts requires adhesion to activated vascular cells and endothelial expression of several adhesion molecules (eg, intercellular adhesion molecule intercellular adhesion molecule-1 (ICAM-1), VCAM-1, E/P-selectin) correlates with both acute rejection and TA. 29 We demonstrate that Notch signaling also controls adhesion molecules, at least VCAM-1 and E-selectin, that are critical in mediating leukocyte adhesion and infiltration, but also in mediating SMC migration, both events that trigger arteriosclerotic lesions. 30 By activating but also drastically enhancing EC activation on TNF treatment, decreased Notch signaling could greatly contribute to the maintenance of EC dysfunction within the graft that promote vascular remodeling and ultimately graft failure. 4 In ECs, constitutive expression of the active domain (NICD) of Notch4 blocks cell cycle and protects from apoptosis. 15, 16, 31 Consistent with these data, silencing Notch4 promotes cell death and impairs injury repair processes without any visible effect on proliferation (data not shown). Notch activity blockade through Hes1 knockdown showed similar effect, indicating that Notch4 functions were mediated by Hes1. Our data are consistent with approaches targeting Notch signaling by the use of ␥-secretase inhibitors which showed impaired wound healing process in keratinocytes or fibroblasts 32 and cell apoptosis induction in Kaposi sarcoma 33 or in multiple myeloma. 34 Surprisingly, as Notch signaling has been so far implicated in the regulation of sprouting angiogenesis and arteriovenous differentiation, no effects on endothelial viability have been observed in Notch4-deficient mice. Endothelial-specific Notch1 Ϫ/Ϫ mice exhibit a similar phenotype to global Notch1 -/-mice, suggesting that endothelial Notch1 is critical for embryonic vascular development and viability. 35 In contrast, Notch4
Ϫ/Ϫ mice are viable without any observable vascular defects. However, Notch1
Ϫ/Ϫ mice exhibit a more severe vascular phenotype than Notch1 Ϫ/Ϫ mice, suggesting that Notch1 and Notch4 may have overlapping roles in vascular remodeling and morphogenesis during development. 11 The role of Notch1 and Notch4 signaling in postnatal vascular angiogenesis and remodeling remains however to be determined.
In addition to cell death, we demonstrate that Notch signaling regulates EC dysfunction that plays a major role in many chronic inflammatory disorders as in TA.
In conclusion, we show here that Notch4 downregulation during TA and in ECs is associated with a global decrease in Notch activity. Notch4 downregulation functionally results in EC dysfunction suggesting that Notch4 and basal Notch activity are required to maintain EC quiescence and for optimal survival and repair in response to injury. Overall, we also show that regulation of Notch4 alone had substantial effects, suggesting that it is one of the main Notch receptor in vascular endothelium.
